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 Abstract 
Programmed nuclear degradation (PND) in the ciliate Tetrahymena is an apoptosis-like 
phenomenon that occurs in a restricted space of cytoplasm during conjugation. In the 
process, only the parental macronucleus is selectively eliminated from the progeny 
cytoplasm, in conjunction with differentiation of new macronuclei for the next 
generation. For the last decade, mitochondria have been elucidated to be a crucial 
executioner like apoptosis: apoptosis-inducing factor (AIF) and yet-unidentified 
nucleases localized in mitochondria are major factors for PND. To identify such 
nucleases, we performed a DNase assay in a polyacrylamide gel (SDS-DNA-PAGE) 
using total mitochondrial proteins. Some proteins showed DNase activity, but 
particularly a 17 kDa protein exhibited the highest and predominant activity. Mass 
spectrometric analysis revealed a novel mitochondrial nuclease, named TMN1, whose 
homologue has been discovered only in the ciliate Paramecium tetraurelia, but not in 
other eukaryotes. Gene disruption of TMN1 led to a drastic reduction of mitochondrial 
nuclease activity and blocked nuclear degradation during conjugation, but did not affect 
accumulation of autophagic and lysosomal machinery around the parental macronucleus.  
These observations strongly suggest that the mitochondrial nuclease-associated protein 
plays a key role in PND as a major executor. Taking the novel protein specific to 
 ciliates in consideration, Tetrahymena would have diverted a different protein from 






Apoptosis or programmed cell death (PCD) has been widely observed in not only 
multicellular organisms, but also unicellular eukaryotes such as yeasts, green algae and 
protists, including parasites (Kaczanowski et al., 2011; Segovia et al., 2003; Deponte, 
2008; Carmona-Gutierrez et al., 2010). For the last decade, molecular machinery and 
regulatory mechanisms of apoptosis have been extensively elucidated, therefore their 
similarities and differences among different taxa are becoming clear. The apoptosis 
pathway is divided into two categories, caspase-dependent pathway and 
caspase-independent mitochondrial pathway (Susin et al., 2000). The former evolved 
only in animals after diverging from fungi, while the latter has a deep evolutionary 
origin because this pathway is conserved in a wide variety of eukaryotes from animals 
to protists (Amoult et al., 2001; Li et al., 2001; Parrish et al., 2001; BoseDasgupta et al., 
2008; Gannavaram et al., 2008; Rico et al. 2009). Apoptosis-inducing factor (AIF) and 
endonuclease G (EndoG) localized in mitochondria are major executors in this pathway. 
On the other hand, in some specialized cells such as lens fiber cells or erythrocytes, only 
the nucleus is eliminated from the cytoplasm in a similar fashion with PCD 
(traditionally called enucleation), but the cell structure itself is maintained, therefore this 
phenomenon is sometimes referred to as nuclear apoptosis (Kerr et al., 1972; Jacobson 
 et al., 1997). In the protozoan ciliates represented by Paramecium and Tetrahymena, the 
nuclear apoptosis commonly occurs during sexual reproduction (conjugation). This 
nuclear event in ciliates is a programmed process; therefore it is called programmed 
nuclear death (PND) analogously to PCD. 
The ciliate Tetrahymena thermophila has two morphologically and functionally 
differentiated nuclei within a single cytoplasm, i.e. a somatic macronucleus and a 
germinal micronucleus. The micronucleus is a canonical diploid germinal nucleus that is 
transcriptionally inert, while the macronucleus is a polyploid somatic nucleus that 
governs the expression of phenotypes via active transcription (Orias et al., 2011). Both 
nuclei are developed from a fertilized micronucleus (synkaryon) during conjugation. 
When conjugation is initiated, the micronucleus undergoes meiosis. One of the four 
meiotic products mitotically divides once, resulting in two pronuclei, one of which is 
exchanged with a mating partner, and then fuse with another pronucleus. The remaining 
three meiotic products migrate to the posterior of cell, where they are degraded 
somewhat later. It is still unknown whether these three meiotic nuclei are degraded by a 
common mechanism to that of the parental macronucleus mentioned below. Once the 
new macronuclei are differentiated from the synkaryon after two postzygotic nuclear 
divisions, the parental macronucleus is destined to die and eventually eliminated from 
 cytoplasm through a series of apoptosis-like processes (Kobayshi and Endoh, 2005; 
Akematsu and Endoh, 2010). 
This death program is executed as follow; in the initial stage, higher-order DNA 





-insensitive nuclease activity appears to be involved in this 
process (Mpoke and Wolfe, 1996). Following the initial stage of the death process, 
nuclear condensation and chromatin condensation occur, accompanied by the 
production of a oligonucleosome-sized DNA ladder (~180 bp) typical during apoptosis 
(Davis et al., 1992; Kobayashi and Endoh, 2003). At this stage, a lot of mitochondria 
that lost membrane potential are incorporated into autophagosomes. The envelope of the 
parental macronucleus changes the nature as if the nucleus is engulfed by a large 
autophagosome (Akematsu et al., 2010). At the same time, many small autophagosomes 
containing the dead mitochondria gather around the macronucleus. It is thought that the 
sequestered mitochondria release endonucleases similar to the mammalian EndoG that 
is responsible for the DNA ladder. In the last stage, lysosomes fuse with the 
autophagosome-like nuclear membrane and acidify the parental macronucleus (Lu and 
Wolfe, 2001; Endoh and Kobayashi, 2006). Thus the parental macronucleus is subject to 
final death by autophagy, thereby it is completely replaced by the new macronucleus for 
 the next generation. 
In apoptosis, mitochondria plays a role in the caspase-independent signaling pathway, 
in which AIF acts in concert with EndoG to degrade nuclear DNA (Wang et al., 2002). 
In Tetrahymena PND, mitochondria also play a crucial role (Kobayashi and Endoh, 
2005). However, PND is not cell death and therefore must be accomplished in the 
closed space of the cytoplasm, where degradation of the parental macronucleus takes 
place without hindering other nuclei such as the new micro- and macronuclei. AIF is the 
only mitochondrial factor indentified in Tetrahymena which is common to apoptosis 
(Akematsu and Endoh, 2010). In fact, AIF translocates from the sequestered 
mitochondria to the parental macronucleus during PND. Knockout of AIF led to delayed 
progression of PND, i.e. delay of nuclear condensation and kb-sized DNA 
fragmentation. However, EndoG homologue, a counterpart of the major mitochondrial 
factors, has not been discovered in the Tetrahymena genome database so far. 
In this study, we attempted to find such a mitochondrial nuclease and identified 
multiple nucleases localized in mitochondria. Among them, we narrowed down a 
candidate gene of the nuclease involved in PND by combination of SDS-DNA-PAGE 
(Gaido and Cidlowski, 1991) and mass spectrometry, named Tetrahymena 
Mitochondrial Nuclease 1 (TMN1). Based on observations of conjugation process in 
 knockout mutants, we discuss a role of the novel mitochondrial nuclease-associated 





Identification of novel mitochondrial nucleases 
Previously, we reported that mitochondria isolated from Tetrahymena retain 
endonuclease G (EndoG)-like DNase activity (Kobayashi and Endoh, 2005). However, 
no homologous sequence has been detected in the Tetrahymena genome database. To 
identify nucleases localized in mitochondria, we performed SDS-DNA-PAGE using 
mitochondrial proteins isolated from vegetative cells (Fig. 1). After the proteins were 
electrophoresed in a gel containing Tetrahymena total DNA, SDS was removed from the 
gel in a TEM buffer, and then incubated in a reaction buffer. Bands with DNase activity 
were not stained with EtBr, because of digestion of DNA inside the gel. Many proteins 
on the gel showed a weak or strong DNase activity, whose molecular weight varied over 
a wide range. Among them, a protein of approximately 17-kDa showed the highest 
DNase activity. To identify the protein(s) responsible for this activity, mass 
spectrometric analysis was performed. Among more than 10 candidate genes identified, 
6 genes were common to both the 2 strains with different mating types (Table 1). 
Furthermore, 3 known genes, such as NADH dehydrogenase subunit 10, were excluded 
from the candidates, because they are unlikely to be a nuclease, if they are not 
unexpectedly multifunctional proteins. Finally, we chose three genes 
 (TTHERM_00426240, TTHERM_00666370 and TTHERM_00825290) for further 
analyses, none of which showed homology to any known genes or proteins. Although 
mitochondrial localization of all the gene products was actually confirmed, we failed to 
completely replace the two intrinsic genes with a drug resistant (neo4) gene 
(TTHERM_00666370 and TTHERM_00825290), suggesting that they are essential for 
vegetative growth (data not shown). Therefore, we focused on the TTHERM_00426240 
as the most plausible candidate for the mitochondrial nuclease involved in PND. We 
named this gene Tetrahymena Mitochondrial Nuclease 1 (TMN1), as shown below. To 
date, TMN1 homologue has been found only in the genome database of Paramecium 
tetraurelia (accession no. GSPATP00017000001), suggesting a ciliate-specific nuclease.  
TMN1 gene contains three introns and encodes a 139 amino acid protein, but no 
conserved protein domain or motif was unexpectedly predicted. 
To confirm mitochondrial localization of TMN1, we constructed a plasmid to express 
the fusion protein TMN1::EGFP under the endogenous TMN1 promoter (Fig. 2A). 
Although there was no mitochondrial targeting signal predicted, TMN1::EGFP was 
detected in mitochondria along the ciliary rows (Fig. 2B), and coincided with the 
distribution of mitochondria stained with MitoTracker Green (Fig. 2C). Mitochondrial 
proteome analysis also indirectly supports that TMN1 is localized in mitochondria 
 (Smith et al., 2007). 
 
Remarkable reduction of DNase activity in TMN1-deficient mitochondria 
To explore the function of TMN1, we replaced TMN1 in the macronucleus with a neo4 
cassette, which carries a paromomycin resistant gene (Fig. 3A). After successive 
paromomycin selection, we obtained several TMN1 strains independently, none of 
which expressed detectable TMN1 (Fig. 3B), but grew normally like the wild type cells 
(data not shown). Therefore, TMN1 is not an essential gene for vegetative growth, but 
rather TMN1 only functions during conjugation. 
Based on the DNase activity (SDS-DNA-PAGE), TMN1 gene was identified as a 
mitochondrial protein. To confirm that TMN1 is responsible for the mitochondrial 
DNase activity, we isolated mitochondria from vegetatively growing wild type and 
TMN1 cells, respectively, and incubated them with a circular plasmid as a substrate 
(Fig. 3C). The plasmid DNA incubated with mitochondrial lysate from the wild-type 
cells was almost completely degraded into small fragments, demonstrating strong 
DNase activity. In contrast, TMN1-deficient mitochondria displayed a drastic decrease 
in degradation, indicating that TMN1 is one of the major nucleases of mitochondria. 
However, nicking activity was still detected in the TMN1-deficient mitochondrial lysate 
 (Fig. 3C, lane 3), as shown by the increase of the open circular form, probably due to 
the activity of other DNases (Fig. 1). 
 
Block of the nuclear elimination during conjugation in TMN1 KO strains 
We were not able to detect any differences between wild type and TMN1 knockout 
(TMN1) strains in the vegetative phase. Therefore, to determine the possible role of the 
TMN1 gene, the two TMN1 strains with different mating types were mated and the 
anomalies of nuclear events during conjugation were examined. In Tetrahymena, the 
respective stages of conjugation can be easily distinguished based on the number and 
spatial arrangement of different kinds of nuclei (Fig. 4A). When conjugation begins in 
wild-type cells, they first undergo meiosis, resulting in four meiotic products (Fig. 4B, 
a). Three out of the four products are selectively degraded sometime later, while the 
remaining nucleus divides once, which produces two pronuclei, one of which is 
reciprocally exchanged with a mating partner. In the TMN1 conjugants, extra nuclei 
were frequently observed (Fig. 4B, b and c), suggesting that these extra micronuclei 
(ranging from four to eight or more) are caused by the failure of nuclear degradation. 
Similarly to the postmeiotic stage, many micronuclei were observed in the stage of 
postzygotic divisions (PZD) after fertilization (Fig. 4B, e and f). After two successive 
 postzygotic divisions, two nuclei anteriorly located differentiate into the macronuclear 
anlagen, while two nuclei posteriorly located remain the micronuclei (Fig. 4B, g). In the 
TMN1 strains, large variations in the number of new micro- and macronuclei were also 
observed (Fig. 4B, h and i). The largest number we observed reached sixteen, including 
the parental macronucleus. At this stage, the parental macronucleus migrated to the 
posterior position, where the nucleus is eventually resorbed. In the macronucleus, 
nuclear condensation (a morphological sign of the nucleus destined to die) occurred, 
indicating that the initial stage of PND was still functional. In the late stage of 
conjugation, the parental macronucleus finally disappeared in the wild type (Fig. 4B, j), 
but in the TMN1 strains, more than 70% of the parental macronucleus survived 
without suffering from degradation, up to 36 h after the onset of mating (Fib 4B, k and l, 
Fig. 5A). At this time, the parental macronucleus is usually eliminated in almost all 
exconjugants of the wild type (Fig. 5A). When total DNA from wild type and the 
TMN1 strains was isolated and compared, no noticeable difference of DNA amount 
was observed, indicating no remarkable increase of total DNA, in spite of the increase 
of nuclear number in the KO strains (data not shown). Therefore, we isolated 
small-sized DNA of <10 kb, corresponding to degrading DNA, using a modified 
isolation method (see Akematsu and Endoh, 2010). In this analysis, relatively 
 large-sized DNA (~10 kb) was observed from the KO strains even at 18-24 h after 
mating, when compared with DNA (<0.5 kb) from wild type, suggesting that DNA 
degradation was delayed even in a small fraction of conjugating cells in which the 
nuclear degradation occurred (Fig. 5B). These observations indicate that disrupting the 
TMN1 gene blocks the elimination of both the three meiotic products and the parental 
macronucleus. This strongly suggests that TMN1 is a major nuclease-associated protein 
involved in PND. 
 
No influence of the disruption of TMN1 on behaviors of autophagic/lysosomal 
machinery 
At the late stage of conjugation when new micro- and macronuclei begin to differentiate, 
the parental macronucleus reduces in size, reflecting chromatin condensation of the 
nucleus. At this stage, an autophagosomal structure is formed on the envelope of the 
parental macronucleus, upon which many dead mitochondria which were engulfed in 
autophagosomes and lysosomes accumulate, but the inside of the nucleus still remains 
at neutral pH (Kobayashi and Endoh, 2005; Akematsu et al., 2010), indicating that 
lysosomal fusion does not occur until a final resorption stage. To monitor accumulation 
of the dead mitochondria around the parental macronucleus, we stained the 
 TMN1-deficient conjugating cells at the late stage with MitoTracker Green (Fig. 6A). As 
expected, the parental macronucleus became MitoTracker-positive but the other nuclei 
did not, suggesting that mitochondria are co-localized with the parental macronucleus. 
In addition, to confirm accumulation of the autophagic and lysosomal vesicles directly, 
conjugating cells were stained with two dyes: monodansylcadaverine (MDC) for 
autophagic vesicles, and LysoTracker Red (LTR) for lysosomes. The distribution 
patterns showed that several of both types of vesicles appeared on the parental 
macronucleus as well as in the posterior region of cells, and that the distribution of the 
vesicles nearly coincided with each other, as demonstrated previously (Fig. 6B; see also 
Akematsu et al., 2010). These observations indicate that a mechanism of the recognition 
of the parental macronucleus by autophagic/lysosomal machinery is not affected by the 





A possible mitochondrial nuclease as a major executor of PND 
Tetrahymena has a spatially differentiated germline and soma in a single cytoplasm, and 
the cytoplasm derived from the parental cell is taken over by the progeny nucleus during 
conjugation. Hence the parental macronucleus must be quickly and completely 
eliminated from the cytoplasm when the new macronuclei differentiate, to ensure 
expression of only the progeny genotype. PND is an elaborate process where selective 
elimination is executed without affecting other nuclei. To date, a few nuclease activities 
have been suggested to be involved in the process (Mpoke and Wolfe, 1996; Kobayashi 
and Endoh, 2005), but the entity at the molecular level remained obscure. This is the 
first report of identification of such a nuclease. 
In this study, we confirmed mitochondrial localization of TMN1, a result consistent 
with the mitochondrial proteome analysis of Tetrahymena (Smith et al., 2007). However, 
we failed to find a predictable mitochondria-targeting signal. This may be explained by 
assuming that TMN1 has a yet unidentified targeting signal or TMN1 is transported to 
mitochondria in cooperation with other protein(s). Alternatively, TMN1 may be a 
protein that is associated to the mitochondrial outer membrane. For instance, Bcl-2 is 
anchored to the mitochondrial outer membrane and does not possess any 
 mitochondria-targeting signal (Schinzel et al., 2004). This instance leads us to the idea 
that TMN1 may be neither imported into the inner membrane nor into the matrix. This 
possibility may be supported by the fact that nuclease activity is observed when intact 
mitochondria are incubated in vitro with DNA. The presence of TMN1 at the 
mitochondrial outer membrane may be sufficient to promote the DNA degradation. If 
this is the case, no interaction with AIF would be reasonable, as discussed below.  
At present, we have obtained no direct evidence that TMN1 itself retains truly an 
endonuclease activity. To obtain any other positive evidence, we carried out the 
following two experiments: 1) Using a secretion vector we recently developed, a 
recombinant Tetrahymena that extracellularly secretes TMN1 was constructed to detect 
the activity, but wild type cells seemed to secret a certain strong nuclease, so no 
difference was observed between the wild type and the recombinant cells. 2) We 
introduced an FLAG-tagged TMN1 gene and purified the protein to test the activity, but 
failed to detect the activity. It is unknown whether the FLAG tag on C-terminus of 
TMN1 is responsible for the failure of the detection of the activity, or TMN1 itself may 
not be a nuclease. However, SDS-DNA-PAGE appears to show that the ~17 kDa protein 
is a nuclease that independently acts on DNA degradation, although we cannot 
completely deny a possibility that either of the two additional hypothetical genes 
 (TTHERM_00666370 and TTHERM_00825290) is such a nuclease that functioned via 
interaction with TMN1 in the gel. This problem will be reported elsewhere, when it is 
clarified in future. 
 
No functional interaction of TMN1 with AIF 
Several nucleases involved in apoptosis, such as DNase I, DNase II (equivalent to 
NUC1 in Caenorhabditis elegans), CAD (caspase-activated DNase), EndoG and ZEN1 
(Zinnia endonuclease 1 in plants), are known, but only EndoG is localized in 
mitochondria (Barry and Eastman, 1993; Peitsch et al., 1993; Enari et al., 1998; Li et al., 
2001; Ito and Fukuda, 2002). 
Among various apoptotic factors including the above-mentioned nucleases, EndoG 
and AIF are the most widely spread among different taxa, including protists. Both 
factors interact with each other to degrade nuclear DNA after released from 
mitochondria. For example, in C. elegans, Wah-1 (AIF) and Cps-6 (EndoG) cooperate 
to promote DNA degradation in vitro (Wang et al., 2002). These observations suggest 
that AIF and EndoG-mediated PCD is a phylogenetically primitive form. In 
mammalians, cytochrome c, Smac/Diablo and HtrA2/Omi are released from 
mitochondria by the change of mitochondrial outer-membrane permeabilization 
 (MOMP) that is provoked by the pro-apoptotic Bcl-2 family members, but AIF and 
EndoG are not. On the other hand, Bax/Bak-dependent pro-apoptotic drugs, such as the 
caspase inhibitor zVAD-fmk, prevent the release of AIF and EndoG, but not affect 
cytochrome c, Smac/Diablo or HtrA2/Omi. Therefore, AIF and EndoG define a 
caspase-dependent mitochondria-initiated apoptotic pathway in animals (Arnoult et al., 
2003). Taking the absence of caspase-dependent pathway in eukaryotes except animals 
in consideration, it is unlikely that AIF is used in PND of Tetrahymena similarily to 
animals, making it reasonable that no EndoG homologue is identified in Tetrahymena 
genome. In fact, such a release mechanism of AIF may not be required in PND. 
Mitochondria incorporated in autophagosomes lose their membrane potential at once, 
and then the autophagosomes approach and attach to the parental macronucleus, where 
the apoptotic factors move into the parental macronucleus (Kobayashi and Endoh 2005, 
Akematsu et al 2010). This suggests that simple degradation of mitochondria in the 
autophagosomes is responsible for the loss of membrane potential, rather than MOMP. 
In this sense, PND is likely a different phenomenon from mammalian apoptosis. 
Of interest is the fact that there are no EndoG homologues in Tetrahymena genome. 
The same situation is found in a few protists, such as the apicomplexan Plasmodium 
falciparum and the parabasalid Trichomonas vaginaris (Kaczanowski et al., 2011). 
 Tetrahymena could have lost the homologues during the course of evolution, forcing the 
ancestor to divert other nucleases to PND, resulting in apoptosis enzymes to be replaced 
by other enzymes with similar activities. In Tetrahymena, however, it was reported that 
AIF interacts with a still-unidentified nuclease in PND (Akematsu and Endoh, 2010). 
Disruption of AIF delayed the initial stage, i.e. delays of nuclear condensation and DNA 
degradation, but PND was completed later than usual. The nuclease activated by AIF 
would only act on higher-order DNA degradation in the early stage, thereby abolishing 
gene expression in the parental macronucleus, accompanied by chromatin modifications, 
when the new macronuclei differentiate (Akematsu and Endoh, 2010). In contrast, 
TMN1 identified in the present study seems to act on the second stage of PND after the 
initial nuclear condensation, because TMN1-deficient cells showed that further progress 
of PND was suspended in the stage, when the parental macronucleus migrated in the 
posterior region of cells and then the final resorption was almost completely blocked 
(Fig. 5 and 6). In addition, SDS-DNA-PAGE revealed that no difference between the 
TMN1-associated nuclease activity from both AIF-deficient strains and wild type was 
detected (see Additional Fig. 1). These observations provide evidence that there is no 
functional interaction between TMN1 and AIF. It is likely that other nuclease 
corresponds to a functionally homologous nuclease of EndoG, which has a different 
 origin and perhaps localizes in the macronucleus, if any. 
 
On anomaly of nuclear number during conjugation 
Deficiency of TMN1 affected the fates of both the three meiotic products and the 
parental macronucleus to be destined to die originally. Degradation of the meiotic 
products has not been extensively investigated so far, because it is a phenomenon, 
which occurs in a smaller scale than that of the parental macronucleus. In this study, 
both types of nuclei were not suffered from degradation by the single knockout. In 
addition, both are commonly degraded in the same place, i.e. in the posterior region of 
cell, at different timings. Considering these, the fates of both nuclei might be regulated 
by a common mechanism.  
  The most remarkable phenotype during conjugation of the TMN1 strains is the 
increase in the number of nuclei, mostly due to the blocking of nuclear degradation (Fig. 
4). The increased nuclei (maximum of 15 nuclei in our observation) are likely a result of 
the survival of the three meiotic products caused by the deficiency of TMN1. The 
surviving meiotic products likely undergo mitosis once, resulting in six haploid nuclei. 
Some of these nuclei may undergo further postzygotic division(s) or differentiation into 
new macronuclei, resulting in extra micro- and macronuclei (Fig. 7). 
 With reference to this, knockout of the autophagy-related gene 8 (ATG8) inhibited 
acidification and subsequent resorption of the nuclei, indicating that the nuclear 
degradation is regulated by autophagy (Liu and Yao, 2012). This experiment brought the 
same phenotype as ours, i.e. the production of extra micro- and macronuclei. Given that 
TMN1 is an upstream executor in the pathway of PND before the final resorption of the 
nuclei by autophagy regulated by ATG8, this common phenotype could be rationally 
explained. 
In conclusion, we demonstrated that a novel Tetrahymena mitochondrial 
nuclease-associated protein is a major executor of PND identified for the first time, 
conceivably evolved only in a ciliate lineage. PCD, including nuclear apoptosis, is 
morphologically similar in a wide variety of eukaryotes, but underlying mechanisms 
and suicide machineries are not necessarily shared by one another. Some common 
apoptotic factors, such as AIF, are widely shared; but other factors, such as EndoG, have 
been replaced by unrelated ones with similar activities, such as TMN1, demonstrated in 
this study. To clarify similarities and differences of apoptosis, further study will be 
required in various organisms, particularly in protists, which have a long evolutionary 
history and show a large diversity. 
  
 Materials and Methods 
Stocks, culture conditions and induction of conjugation 
Tetrahymena thermophila strains CU428 and B2086, purchased from the National 
Tetrahymena Stock Center (Cornell University), were used as the wild type. Cells were 
cultured in SPP medium that consists 2% proteose peptone (Becton, Dickinson and 
Company [BD]), 1% yeast extract (BD), 0.5% glucose at 30
°
C. To induce conjugation, 
cells at mid-log phase were washed with 10 mM Tris-HCl (pH7.2) and starved 





Preparation of mitochondria 
Wild-type cells were cultured to mid-log phase. The culture was chilled on ice for 10 
min and then cells were washed with 10 mM Tris-HCl (pH 7.2). Cell pellets were 
suspended in cold lysis buffer [250 mM sorbitol, 0.2% (w/v) BSA, 5 mM iodoacetamide, 
20 mM EDTA, 10 mM MOPS-KOH (pH 7.2)] and lysed using Physcotron (Microtec 
Co., Ltd.). The lysates were centrifuged for 10 min at 1,000 × g to remove cell debris. 
Mitochondria were further purified on a discontinuous sucrose gradient with steps of 1.6 
M (4 ml) and 1.15 M (7ml) sucrose in SEM buffer [250 mM sucrose, 1 mM EDTA, 10 
 mM MOPS-KOH (pH 7.2)] in 13 PET tubes (Hitachi). The supernatants were layered 
onto the sucrose gradients and centrifuged at 63,500 × g for 1 h at 4
°
C using an RPS40T 
rotor and an SCP70H ultracentrifuge (Hitachi). Mitochondria in the 1.15/1.6 M sucrose 
interface were carefully transferred to new tubes and diluted by addition of two volumes 




The isolated mitochondria as described above were re-suspended in SDS sample buffer 
[2% (w/v) SDS, 2 mM -mercaptoethanol, 4% glycerol, 40 mM Tris-HCl (pH 6.8), 
0.01% (w/v) bromophenol blue] and incubated at 4
°
C for 30 min and then 
electrophoresed in 15% polyacrylamide-SDS gel containing 2 g total DNA extracted 
from Tetrahymena. After the electrophoresis, the gel was washed with TEM buffer [50 
mM Tris-HCl (pH 7.5), 1 mM EDTA, 2 mM MgCl2] overnight. The gel was stained 
with 1 µg/ml ethidium bromide (EtBr) in TEM buffer for 30 min at 37
°
C. To activate 
nucleases, the gel was transferred into a reaction buffer [10 mM KCl, 50 mM MOPS 
(pH 6.5)] containing 1 µg/ml EtBr, and kept at 37
°
C for 30 min. To detect the nuclease 
activity, the gel was checked under UV light every 30 min. Bands showing nuclease 
 activity were excised from the gel and analyzed by mass spectrometry. 
 
Construction of an EGFP expression plasmid 
To construct an expression plasmid of TMN1::EGFP fusion protein, the pEGFP-neo4 
carrying an EGFP-cassette and a neo4 cassette was used (Mochizuki, 2008; Kataoka et 
al., 2010). The 3’ half of the open reading frame (ORF) of TMN1 (~1 kb) was integrated 
into a 5’ NotI-BamHI site of the pEGFP-neo4, and then the 3’ flanking sequence (~1 kb) 
of TMN1 was ligated in a 3’ XhoI-KpnI site of the plasmid. The following primer sets 
were used for amplification of these sequences; TMN1-F-NotI: 
5’-GCGGCCGCGGAAGGTTTTCTTGAAA-3’/ TMN1-R-BamHI: 
5’-GGATCCTTCAGATTTTTTTTCCTAA-3’ for the ORF, and TMN1-UF-XhoI: 
5’-CTCGAGCTTTTGTAACGAATTCCTT-3’/TMN1-UR-KpnI: 
5’-GGTACCACTAACTTTCTGCATATTTC-3’ for the 3’ flanking sequence. This 
plasmid (pEGFP-TMN1) was linearized with SacI before introduction into the 
macronucleus by a biolistic bombardment. 
 
Construction of a TMN1 knockout plasmid 
To substitute TMN1 for the neo4 cassette, a knockout plasmid was constructed in the 
 following ways. To prepare the 5’- and 3’ flanking sequences of TMN1 (~1 kb), the 
following primer sets were used: TMN1-5’F: 
5’-CCTCACACTTTATCACCC-3’/TMN1-5’R (NotI): 
5’-GCGGCCGCCTTGCTTCTTTTAT-3’ for the 5’ flanking sequence, and TMN1-3’F 
(XhoI): 5’-CTCGAGGAGTTTCAGTTGT-3’/TMN1-3’R: 
5’-ACTAACTTTCTGCATATTTC-3’ for the 3’ flanking sequence. These amplified 
fragments were cloned into the pT7 blue T-vector (Novagen), designated pTMN1-5’-FS 
and pTMN1-3’-FS, respectively. The pTMN1-5’-FS was digested with NotI in the 
primer and KpnI in the multiple cloning site of pT7 Blue. The 3’ flanking sequence was 
prepared by XhoI and KpnI digestion from the pTMN1-3’-FS. The neo4 cassette was 
obtained by NotI and XhoI digestion from a pNeo4 plasmid, which consists of Cd
2+
- 
inducible methallothionein 1 (MTT1) promoter, neo4 with codons optimized for 
Tetrahymena, and polyadenylation signal of-tubulin2 (3’-BTU2) gene (25). These two 
fragments were simultaneously added in a reaction mixture and then ligated into the 




 Transformation by particle gun 
Cells at mid-log phase were washed and incubated in 10 mM Tris-HCl (pH 7.2) 
overnight for starvation, and then the cells were packed into 1 × 10
7
 cells/ml in 1 ml of 
10 mM Tris-HCl. Two hundreds µl aliquots were spread on a sterile filter paper. Gold 
particles, 0.6 m in diameter (BioRad), of 2.5 mg were coated with the linearized DNA 
(5 µg) and then fired onto the cells using a Biolistic PDS-1000/He Particle Delivery 
System with a 900 psi rupture disk (BioRad). Finally, the cells were incubated in the 
culture medium for 6 h before screening. Transformants were selected by allowing cells 
to grow under the presence of 100 µg/ml (pEGFP-TMN1) or 1,000 µg/ml (pKO-TMN1) 
of paromomycin, together with 1 µg/ml of CdCl2 for the MTT1 promoter. 
 
Reverse transcription (RT)-PCR analysis 
Total RNA was extracted from approximately 1 × 10
5 
cells using Sepasol-RNA I Super 
(Nakalai Tesque, Japan). Five µg of total RNA was used for RT with ReverTra Ace 
(Toyobo). To confirm the complete elimination of TMN1 gene, TMN1-specific primers 
were used for RT-PCR; TMN1c-F: 5’-GGAAGGTTTTCTTGAAACAGTT-3’ and 
TMN1c-R: 5’-TAGTTAAATCTGTATGGAGAGTAG-3’. 
 
 Indirect immunofluorescence 
To image EGFP-tagged TMN1, cells were fixed in 50% cold methanol and kept on ice 
for 30 min. After washing with PBS, the cells were blocked in 1% bovine serum 
albumin (BSA) and incubated for 2 h at 4°C with rabbit polyclonal anti-GFP antibodies 
(Bio-Reagents) diluted 1:200 in PBS containing 1% BSA and 0.1% Tween20. The cells 
were washed and incubated for 2 h at room temperature with goat polyclonal anti-rabbit 
IgG rhodamine- conjugated antibodies (Biomedical Technologies Inc.). To remove 
excess secondary antibodies, cells were washed and then mitochondria were stained 
with 100 µM MitoTracker Green (Molecular Probes Inc.) for 30 min at 37°C. 
 
Agarose gel assay for mitochondrial nuclease activity and fragmented DNA 
For the substrate DNA 0.2 g of circular plasmid and 0.2 µg protein from the isolated 
mitochondria was mixed in the reaction buffer [10 mM KCl, 50 mM MOPS (pH 6.5)] 
for 15 min at 37
°
C. To stop the reaction, the same volume of stop solution [2% SDS, 50 
mM EDTA, 100 mM Tris-HCl (pH 7.5)] was added and further incubated for 60 min at 
50
°
C. Method for fragmented DNA isolation was described previously (Akematsu and 
Endoh, 2010). The DNA samples were loaded onto 1% agarose gel, electrophoresed and 
visualized by staining with EtBr. 
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 Appendix 
Does TMN1 retain an endonuclease activity? 
As we mentioned in the discussion section, no direct evidence that TMN1 is truly an 
endonuclease has been obtained so far. Here we show two additional experiments in 
detail, in which we attempted to verify the nuclease activity in this study. 
 
  1) The first attempt was carried out using a protein secretion system of Tetrahymena, 
recently developed in our laboratory. In the protein secretion system, non-secretory 
proteins are extracellularly secreted, utilizing a secretion signal, derived from a cysteine 
protease (TTHERM_00530660) of Tetrahymena, which consists of N-terminal 140 
amino acids (K. Masuda, unpublished results). Using this system, we constructed a 
TMN1 secretion vector and obtained a recombinant Tetrahymena after introduction of 
the vector into the macronucleus by a particle gun and the successive screening with 
paromomycin (Additional Fig. 2A and B). To detect the activity of secreted TMN1, we 
collected the culturing medium from both wild type and the recombinant Tetrahymena 
and incubated a circular plasmid as a substrate in the medium (Additional Fig. 2C). We 
detected no difference between wild-type and the recombinant cells, i.e. both cells 
showed a strong activity. Wild-type cells usually secret a certain strong nuclease, e.g. 
 DNase II (personal communication with M. Arslanyolu, Anadolu University, Turkey). 
This intrinsic DNase II activity might have hidden the TMN1-derived nuclease activity 
from detection. In order to know whether the secreted TMN1 has actually a nuclease 
activity or not, it will be necessary that the DNase II gene should be knocked out in 
advance. 
 
  2) As the second attempt, a TMN1::FZZ (3xFLAG-TEV-ZZ) recombinant protein 
was expressed in Tetrahymena and then isolation of the recombinant protein was 
planned to be performed by immunoprecipitation. To carry out isolation of TMN1, we 
constructed a plasmid to express the fusion protein TMN1::FZZ under the endogenous 
TMN1 promoter (Additional Fig. 3A). Mitochondria isolated from the recombinant 
strains possessed as much nuclease activity as those of wild type, suggesting that the 
activity of the recombinant TMN1 is not hampered by the addition of the tag on 
C-terminus (Additional Fig. 3B). However, we failed to detect a specific signal of 
FLAG-tagged TMN1 by western blot analysis (Additional Fig. 3C). Therefore, 
tag-based isolation of TMN1 is presently difficult. It is plausible that the expression 
level of TMN1::FZZ is too low to detect or the FLAG tag on C-terminus of TMN1 may 
be cleaved by some extracellular proteases secreted by Tetrahymena itself. Based on this 
 possibility, we need to exchange the endogenous promoter into other ones, such as 
metallothionein (MTT1) promoter that has an inducible and the strongest transcriptional 
activity known so far. At the same time, we must consider other kinds of tag such as 
His-tag instead of FZZ. 
 
An attempt to identify of a yet-unidentified AIF-dependent nuclease 
As mentioned above, it is well known that AIF and EndoG interact with each other to 
promote nuclear DNA degradation in apoptosis (Wang et al., 2002). Indeed, there is a 
suggestion that AIF interacts with a still-unidentified mitochondrial nuclease, which has 
mammalian EndoG-like activity detected in Tetrahymena PND (Akematsu and Endoh, 
2010; Kobayashi and Endoh, 2005). However, EndoG homologue was not identified in 
Tetrahymena genome, and it was elucidated that TMN1 we identified in this study is not 
a functional homologue of EndoG. 
To identify such a nuclease(s) utilizing the interaction with AIF, we attempted to 
isolate AIF::His-tag fusion protein expressed in Tetrahymena under the endogenous AIF 
promoter (Additional Fig. 4A). Unfortunately, we have not succeeded in it, because of 
the low expression level. Replacement of the endogenous AIF promoter with the strong 
MTT1 promoter mentioned above might improve the problem, and it is our future task. 
 We also tried to isolate the recombinant AIF expressed in E. coli. In general, the 
genetic code of nuclear genes in ciliates is different from that of the other organisms. 
UGA, UAG and UAA codons are universally assigned as stop codons in most of living 
systems, but an exceptional codon usage has been adopted in Tetrahymena, i.e. only 
UGA is used as a stop codon, while the other two are assigned as glutamine. So, we 
substituted U for C in the two codons (UAG→CAG and UAA→CAA) of AIF-coding 
region by using PrimeSTAR Mutagenesis Basal Kit (Takara). The modified sites were 
shown in additional Fig. 4B. We constructed three kinds of expression vectors carrying 
the recombinant AIF protein; two expression vectors with 6xHis-tag on N- or 
C-terminus of AIF and a vector without the tag (Additional Fig. 4C). All three types of 
the recombinant AIF were expressed in E. coli, and then the proteins were collected 4 h 
after induction with 1 mM IPTG (approximately 70 – 74 kDa, additional Fig. 4D, black 
arrowheads). Isolation of His-tagged proteins brought multiple proteins (see silver stain 
in Additional Fig. 4E), and some differences were observed in patterns of the separated 
proteins, depending on the position of His-tag added (see immunoblot in Additional Fig. 
4E). In pTtAIF with the tag on N-terminus (lane 1), a single faint signal was observed 
around at 70-75 kDa, while two signals were observed around at 50 and 29 kDa in 
pTtAIF-HC with the tag on C-terminaus (lane 3). The latter two bands could be 
 cleavage products generated by E. coli-specific protease(s) during isolation procedure. 
Frequencies of codons usage in Tetrahymena and E. coli are quite different. This is the 
likely reason why the expression level of Tetrahymena AIF is too low in E. coli. By 
optimizing the codons for E. coli, this difficulty might be solved. 
Anyway, since the total amount of the synthesized proteins is as small in both 
approaches as making further analysis difficult, a drastic increase of protein synthesis 
should be indispensable. 
  
 Materials and Methods 
Construction of a FZZ-tagged expression plasmid 
To construct an expression plasmid of TMN1::FZZ fusion protein, the pFZZ-neo4 
carrying the FZZ-cassette and a neo4 cassette, was used (Mochizuki, 2008; Kataoka et 
al., 2010). The construction of the expression plasmid was described in Additional Fig. 
2A. 
 
Western blot analysis 
Isolated mitochondria from wild type and TMN1::FZZ protein expression strains, which 
were purified as described above, were used for western blot analysis. The samples 
were lysed with a buffer consisting of 100 mM Tris-HCl (pH 6.8), 12% 
-mercaptoethanol, 4% (w/v) SDS, 20% glycerol and 0.01% (w/v) bromophenol blue, 
and incubated at 4
°
C for 2 h and then electrophoresed in 15% polyacrylamide-SDS gel. 
After the electrophoresis, proteins were electrophoretically transferred onto a 
polyvinylidene difluoride membrane (Bio-Rad). After washing with a blocking buffer 
[1% BSA, 0.1% Tween 20 in PBS], the membrane was incubated with rabbit polyclonal 
anti-FLAG antibodies (Rockland Immunochemicals, Inc.) diluted 1:2000 PBS 
containing 0.1% Tween 20. The membrane was washed and incubated HRP-conjugated 
 Avidin D (Vector Laboratories, Inc.) diluted 1:2000 in PBS containing 0.1% Tween 20 
and signals were visualized by EzWestBlue (ATTO). 
 
Expression of recombinant AIF protein 
To express a recombinant AIF protein in E. coli, Tetrahymena AIF gene codons were 
modified using poeAIF2710 (contributed by T. Akematsu) as a template with 
PrimeSTAR Mutagenesis Basal Kit (Takara). All primers used in this experiment are 
shown in additional Table 1. The modified Tetrahymena AIF gene was amplified with 
KOD DNA polymerase (Toyobo) using the following primers; kod2710-F: 
5’-CACCttcgcaagaggaat-3’ and kod2710-R: 5’-tcaaattttagcagattgag-3’. The amplified 
fragment was cloned into the pET100/D-TOPO vector (Invitrogen). The resulting 
pTtAIF encodes 6xHis::AIF fusion protein. Using pTtAIF, we constructed 
pmTtAIF-His, which encodes only modified AIF protein with KOD DNA polymerase 
using the following primer set; pTtAIF-His-F: 
5’-ACATATGTTCGCAAGAGGAATCACA-3’ and pTtAIF-His-R: 
5’-CTTGCGAACATATGTATATCTCCTTC-3’. His-tag sequence was inserted in the 
C-terminus of AIF gene of pTtAIF-His with PrimeSTAR Mutagenesis Basal Kit using 
the following primers; pTtAIF-HF: 5’-CATCATCATTGAAAGGGCGA-3’ and 
 pTtAIF-HR: 5’-ATGATGATGAATTTTAGCAGATTGA-3’. The resulting pTtAIF-HisC 
encodes AIF::6xHis fusion protein. These three plasmids were transformed into BL21 
Star (DE3) One Shot Cells and expressed recombinant AIF protein. The protein 
expression was induced by 1 mM IPTG. His-tagged proteins were isolated by 
PopCulture His-Mag Purification Kit (Novagen) under a denaturing condition. All 
experiments were carried our following to the protocol suggested by the supplier.  
  Description 
 Tubulin beta chain, putative (Tetrahymena thermophila SB210) 
 Core histone H2A/H2B/H3/H4 family protein (Tetrahymena thermophila SB210) 
† 
Hypothetical protein TTHERM_00426240* (Tetrahymena thermophila SB210) 
 Hypothetical protein TTHERM_00666370*
 




(Tetrahymena thermophila SB210) 
 Tubulin/FtsZ family, GTPase domain containing protein (Tetrahymena thermophila SB210) 
 hv1 histone (AA 8-145) (Tetrahymena thermophila SB210) 
† 
NADH dehydrogenase subunit 10* (Tetrahymena thermophila) 
 ADP, ATP carrier protein 1, mitochondrial precursor* (Tetrahymena thermophila SB210) 
 L protein* (Guanarito virus) 
† 
Hypothetical protein TTHERM_00006120 (Tetrahymena thermophila SB210) 
 Hypothetical protein TTHERM_00666370* (Tetrahymena thermophila SB210) 
 Tubulin beta chain, putative (Tetrahymena thermophila SB210) 
† 
Hypothetical protein TTHERM_00426240* (Tetrahymena thermophila SB210) 
† 
Hypothetical protein TTHERM_00825290* (Tetrahymena thermophila SB210) 
 Core histone H2A/H2B/H3/H4 family protein (Tetrahymena thermophila SB210) 
 Core histone H2A/H2B/H3/H4 family protein (Tetrahymena thermophila SB210) 
† 
Hypothetical protein TTHERM_00765330 (Tetrahymena thermophila SB210) 
 ADP, ATP carrier protein 1, mitochondrial precursor* (Tetrahymena thermophila SB210) 
† 
NADH dehydrogenase subunit 10* (Tetrahymena thermophila) 














indicates the proteins localized in mitochondria (Smith et al., 2007). 
* 
indicates the genes common to both strains with different mating types. 














































































 The modified bases are highlighted in red. 
Additional Table 1 Primer list for AIF gene modification 









Figure 1 - Detection of mitochondrial nuclease(s) by SDS-DNA-PAGE. 
Proteins from isolated mitochondria were electrophoresed and then a DNase assay was 
carried out in the polyacrylamide gel. Some proteins (black arrow heads) showed weak 
DNase activity. A protein of approximately 17 kDa (white arrow head) showed the 
highest activity. M: size marker shown in kDa, CBB; Coomassie brilliant blue stain, 
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Figure 2 - Mitochondrial localization of TMN1. 
(A) Construction of expression vector for TMN1::EGFP fusion protein. White box; a 3’-
part of TMN1 ORF, dark gray box; EGFP-cassette, black box; neo4 cassette, thin line; 
bacterial plasmid pT7 Blue and light gray boxes; 5’- and 3’-flanking sequences of 
TMN1 gene. The neo4 cassette consists of metallothionein 1 gene (MTT1) promoter, 
neo4, and b-tubulin 2 gene (BTU2) 3’-flanking sequence. Restriction sites: S; SacI, N; 
NotI, B; BamHI, X; XhoI, K; KpnI. (B) Localization of TMN1::EGFP in a living cell. 
Faint EGFP signals are visible on mitochondria along the ciliary rows. (C) 
TMN1::EGFP was detected using a-GFP. The fluorescent pattern was coincided with 
MitoTracker Green (MTG). The scale bar indicates 10 µm. 
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Figure 3 - Reduction of mitochondrial nuclease activity in TMN1-knockout strain. 
(A) A diagram of gene disruption vector to replace TMN1 ORF with the neo4 cassette. 
Striped box; TMN1 5’-flanking sequence, white box; TMN1 ORF, black box; neo4 
cassette, and dotted box; TMN1 3’-flanking sequence. Restriction sites: N; NotI, X; 
XhoI, K; KpnI. (B) RT-PCR analysis of the expression levels of TMN1 and neo4. In 
DTMN1 strains, all of the TMN1 gene copies are replaced by the neo4 cassette. Histone 
H3 (HHT3) used as a control. (C) Purified mitochondria (0.2 µg proteins) from wild 
type (lane 2) and DTMN1 strain (lane 3) were incubated with plasmid DNA (0.2 µg) for 
15 min at 37 °C in reaction buffer. Drastic reduction of nuclease activity was observed 
in mitochondria of the deficient strain. Lane 1 shows an undigested substrate. OC; open 
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Figure 4 - Abnormality in the number of nuclei caused by the disruption of TMN1 
during conjugation. 
(A) Schematic diagram of conjugation in wild-type cells. (a) Vegetative phase. (b) 
Meiosis II (4 meiotic products). (c) Nuclear exchange. (d) Fertilization. At this stage, 3 
meiotic products begin to degenerate in the posterior region of the cell. (e) Postzygotic 
division II. (f, g) Nuclear differentiation, and macronuclear degeneration. (h) Pair 
separation. (i) Endpoint of conjugation. At this stage, both the parental macronucleus 
and one of the new micronuclei are eliminated. (B) DAPI images of wild type and 
DTMN1 strains during conjugation. Many extra nuclei are observed in DTMN1 strains, 
when compared with the wild type. (a-c) Meiosis. (d-f) Postzygotic division. (g-i) 
Nuclear differentiation. (j-l) Endpoint. White arrowhead; parental macronucleus, yellow 
arrowhead; new micronucleus, white arrow; new macronucleus (anlagen). The scale bar 























Figure 5 - Progression of PND in TMN1-knockout strains. 
(A) The average percentage of the cells retaining the parental macronucleus 24 and 36 
hours after mixing. The columns and attached bars correspond to the mean of three 
identical experiments and standard deviations, respectively. (B) Decreased DNA 
fragmentation in TMN1 KO cells. Fragmented DNA was isolated from wild type and 
the KO strains every 6 h during conjugation. M indicates l-Hind III digest, kb ladder 



























































Figure 6 - No influence of the disruption of TMN1 on recognition machinery of the 
parental macronucleus. 
(A) The degenerating macronucleus is surrounded by dead mitochondria. No difference 
detected in both the wild type and DTMN1 strains. Cells at the PZD stage were stained 
with Hoechst33342 (upper row) and MitoTracker Green (middle row), and the merged 
image (lower row). (a/a’/a’’) Wild-type pair. (b/b’/b’’, c/c’/c’’) DTMN1 pair. (B) The 
autophagic/lysosomal vesicles are accumulated on the parental macronucleus both in 
wild type and DTMN1 strains. Cells were stained with Hoechst33342 and MDC (upper 
row), and LTR (lower row). (a/a’) Wild-type pair. (b/b’) DTMN1 pair. White arrowhead 





















Figure 7 - Scheme of the nuclear phenomena in wild type and DTMN1 strains. 
Two different steps of nuclear degradation (shown by cross) are blocked by the 
disruption of TMN1. Abnormal nuclear events in DTMN1 strains are shown with a 
dotted line. The maximum number of nuclei theoretically reaches 16 (the observed 
number was 15 in this study), except for the parental macronucleus. The filled circle 
denotes a pronucleus in another mating partner before nuclear exchange. Half-filled 
circles show hybrid nuclei after fertilization. Many extra micro- and macronuclei 
directly originate from the meiotic product. 
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Additional figure 1 - Detection and comparison of mitochondrial nuclease(s) from 
wild type and DAIF strain by SDS-DNA-PAGE 
Proteins from isolated mitochondria were electrophoresed and then a DNase assay was 
carried out in the polyacrylamide gel. Most of major proteins, which showed nuclease 
activity, coincided with each other in both wild type with the DAIF strain (arrowheads). 
White arrowhead indicates approximately 17 kDa protein, corresponding to TMN1. 
Lane 1: mitochondrial proteins isolated from wild type cells, lane 2 and 3: 
mitochondrial proteins isolated from DAIF cells. M: size marker shown in kDa, CBB; 
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Additional figure 2 
Additional figure 2 - Construction of TMN1 secretion strain and nuclease activity 
assay 
(A) Construction of TMN1 secretion vector. Gray boxes; 5’- and 3’-flanking sequences 
of one of the extracellular cysteine proteases gene (TTHERM_00530660), yellow box; 
prepro-peptide sequence of TTHERM_00530660, white box; TMN1 ORF, deep blue 
box; metallothionein 1 gene (MTT1) 3’-flanking sequence, red box; histone H3 
promoter, black box; neo4 gene, light blue box; b-tubulin 2 gene (BTU2) 3’-flanking 
sequence, striped box; extracellular cysteine protease gene ORF. Before biolistic 
bombardment, the plasmid was digested with SalI. Restriction sites: S; SalI, Ba; BamHI, 
X; XhoI, N; NotI, Bs; BstEII, A; ApaI, K; KpnI. (B) Introduction of the vector sequence 
in the macronucleus was confirmed by PCR using 100 ng of genomic DNA from 
isolated macronuclei as a template. Small arrows located in the gene loci indicate 
primer set for the PCR amplification (F: 5’-GATGGTTTACACGCTGGTTC-3’ and R: 
5’-TGCAATCCTGCATTCAAC-3’). W; wild type, S; secretion strain. (C) The 
extracellular fluid from secretion strain (S) and wild type (W) were incubated with a 
substrate circular plasmid DNA (0.2 µg) for 30 min at 37 °C in reaction buffer. The 
samples had almost similar nuclease activity. U shows an undigested substrate. OC; 
open circular, L; linear, SC; supercoiled. 
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Additional figure 3 
Additional figure 3 - Construction of TMN1::FZZ expression strain 
(A) Construction of expression vector for TMN1::FZZ fusion protein. White box; a 3’-
part of TMN1 ORF, dark gray box; FZZ-cassette, black box; neo4 cassette, thin line; 
bacterial plasmid pT7 Blue and light gray boxes; 5’- and 3’-flanking sequences of 
TMN1 gene. The neo4 cassette consists of metallothionein 1 gene (MTT1) promoter, 
neo4, and b-tubulin 2 gene (BTU2) 3’-flanking sequence. Restriction sites: S; SacI, N; 
NotI, B; BamHI, X; XhoI, K; KpnI. (B) Purified mitochondria (0.5 µg proteins) from 
wild type (lane 2) and FZZ-strain (lane 3) were incubated with plasmid DNA (0.2 µg) 
for 30 min at 37 °C in reaction buffer. Lane 1 shows an undigested substrate. OC; 
open circular, L; linear, SC; supercoiled. (C) Purified mitochondrial lysates were 
analyzed by Western blotting using a-FLAG. No significant signal was detected. M: 
molecular weight marker. 
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Additional figure 4 - Expression of recombinant AIF protein in Tetrahymena and in 
E. coli 
(A) Expression of AIF::His fusion protein in Tetrahymena. After isolation, His-tagged 
proteins were visualized by silver staining (left) and detected by western blot with anti-
6xHis antibodies (right). White arrowhead indicates a weak signal of AIF::His fusion 
protein. (B) Codon changes of AIF gene. The modified codons indicate in gray boxes 
and red characters. WT; AIF sequence in Tetrahymena genome, mAIF; codon modified 
AIF sequence. (C) Construction of three types of recombinant AIF expression vector. 
pTtAIF, pTtAIF-His and pTtAIF-HC express 6xHis::AIF (74 kDa), recombinant AIF 
(70 kDa) and AIF::6xHis (70 kDa), respectively. T7 (black filled arrow); T7 promoter, 
lacO; lac operator, RBS; ribosome binding site, ATG; Initiation ATG, 6xHis; N- or C-
terminal 6xHis tag, Xe; Xpress epitope, EK; enterokinase (EK) recognition site, mAIF; 
modified AIF gene, T7 term; T7 transcription termination region. (D) Expression of 
recombinant AIF protein in E. coli. Black arrowheads indicate recombinant AIF. The 
positions of molecular weight markers are indicated at the left with molecular messes in 
kilodaltons (kDa). (E) The pattern of separated proteins was visualized by silver 
staining (left) and His-tag specific staining (right) after isolation of His-tagged proteins. 
His-tagged protein specific signals were indicated in red and yellow arrowheads. The 
positions of molecular weight markers are indicated at the left with molecular messes in 
kilodaltons (kDa). Lane1; pTtAIF, lane 2; pTtAIF-His, lane 3; pTtAIF-HC. 
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